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Urine is an important nitrogen source for plants irrespective 
of vegetation composition in an Arctic tundra: Insights from a 
15N- enriched urea tracer experiment































layer	 and	 high	 immobilization	 in	 the	 first	 phases	 of	 organic	 matter	
decomposition.
4.	 Mosses	 and	 lichens	 still	 constituted	 the	 largest	 sink	 for	 the	 15N-urea	 1	year	
after	tracer	addition	at	both	levels	of	grazing	intensity	demonstrating	their	large	
ability	 to	 capture	 and	 retain	N	 from	urine.	Despite	 large	 fundamental	 differ-
ences	in	their	traits,	deciduous	and	evergreen	shrubs	were	just	as	efficient	as	
graminoids	in	taking	up	the	15N-urea.	The	total	recovery	of	15N-urea	was	lower	
in	 the	 intensively	 grazed	 sites,	 suggesting	 that	 reindeer	 reduce	 ecosystem	N	
retention.
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1  | INTRODUCTION
Herbivores	 play	 a	 key	 role	 in	 terrestrial	 ecosystem	 by	 modifying	
plant	 and	 microbial	 community	 composition,	 nutrient	 cycling	 and	
productivity	 (Bardgett	 &	Wardle,	 2003;	 Frank	 &	 Groffman,	 1998;	
McNaughton,	1979).	Herbivores	influence	ecosystem	structure	and	
functioning	via	three	main	mechanisms:	plant	defoliation,	trampling,	
and	 nutrient	 return	 in	 the	 form	 of	 dung	 and	 urine	 (Mikola	 et	al.,	
2009;	Olofsson,	2009).	By	providing	highly	decomposable	resources	
rich	 in	 labile	 nutrients,	 and	 by	 stimulating	 soil	 microbial	 activities	
and	thus	promoting	carbon	 (C)	and	nitrogen	 (N)	mineralization,	 the	
input	 of	 dung	 and	 urine	 can	 enhance	 soil	 nutrient	 availability	 and	
promote	 plant	 nutrient	 acquisition	 and	 growth	 (Bardgett,	 Keiller,	
Cook,	&	Gilburn,	1998;	Frank,	Inouye,	Huntly,	Minshall,	&	Anderson,	
1994;	Hobbs,	 1996;	Mikola	 et	al.,	 2009;	Olofsson,	 2009;	 Ruess	 &	













drolyzation	 into	 soluble	 ammonium	 (Witte,	2011),	 and	 is	 thus	more	
readily	 available	 to	plants	 than	most	N	 compounds	 in	dung	 (Floate,	






even	 less	attention	outside	agricultural	 fields,	despite	that	 is	a	fairly	
large	N	source	for	plants	 in	many	systems.	Studying	the	effect	of	N	
compounds	derived	 from	natural	urine	deposition	 is	highly	 complex	
due	to	methodological	challenges	in	tracing	and	quantifying	urine	in	












Weintraub	 &	 Schimel,	 2003),	 and	 nutrient	 availability	 is	 commonly	
seen	as	the	major	factor	limiting	plant	growth	(Aerts	&	Chapin,	2000;	
Schimel	&	Bennett,	 2004).	Most	 of	 the	 soil	N	 is	 bound	 in	 complex	
organic	compounds	and	large	proportions	of	the	ecosystem	nutrient	

































lightly	 and	heavily	 grazed	 tundra.	 Intense	defoliation,	 trampling	 and	
dung	 and	 urine	 deposition	 have	 transformed	 the	 initial	 nutrient-	
poor	heath	vegetation	dominated	by	mosses	 and	dwarf	 shrubs	 into	
a	nutrient-	rich	and	graminoid-	dominated	vegetation	where	the	abun-
dance	of	mosses	 is	 severely	 reduced	and	dwarf	 shrubs	have	almost	
disappeared	 (Olofsson,	Stark,	&	Oksanen,	2004).	Urine	deposition	 is	
drastically	 higher	 in	 the	 heavily	 grazed	 tundra	 since	 approximately	
0.3	g	N	m−2 year−1	is	added	as	urine	in	the	heavily	grazed	system,	and	
less	 than	0.01	g	N	m−2 year−1	 in	 the	 lightly	grazed	system	 (te	Beest,	
Sitters,	 Menard,	 &	 Olofsson,	 2016),	 if	 we	 assume	 half	 of	 the	 N	 is	
excreted	 as	urine	 and	half	 as	dung	 (Hobbs,	1996;	Mosbacher	 et	al.,	
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deposition	 is	 higher	but	 also	 a	 larger	 fraction	of	N	 from	urine	 is	




2  | MATERIALS AND METHODS
2.1 | Study site
The	research	site	is	located	above	the	tree	line	(600–700	m	a.s.l)	on	
the	 northern	 slope	 of	 Raisduoddar	 Fjell	 (69°31′N,	 21°19′E)	 in	 the	
suboceanic	 northern	Norway.	 Reindeer	 husbandry	 forms	 the	 domi-
nant	land-	use	in	the	area.	At	the	study	site,	the	annual	precipitation	
is	935	mm	and	the	annual	mean	temperature	is	−0.6°C	(2006–2015,	




lished	 in	 the	 1960s	 to	 reduce	 the	 risk	 that	 reindeer	 enter	migration	
areas	during	the	summer.	The	fence	runs	for	several	kilometres	across	
the	tundra	and	separates	the	summer	range	from	the	spring	and	au-






heath	 vegetation	with	 typical	 species	 such	 as	 Empetrum hermaphro-
ditum, Vaccinium vitis-idaea, Vaccinium uliginosum, Vaccinium myrtillus 
and Betula nana.	Mosses	and	 lichens	are	abundant	with	as	 the	most	
common	 species	 Pleurozium schreberi, Polytrichum	 sp.	 and	 Dicranum 
sp.,	 and	Nephroma arctica, Peltigera	 sp.	 and	Cladonia	 sp.	 respectively.	
Graminoids	and	herbs	are	present,	but	rare	(Olofsson,	Kitti,	Rautiainen,	
Stark,	&	Oksanen,	2001).
The	 sites	 in	 the	 summer	 range,	 hereafter	 referred	 to	 as	 heav-
ily	 grazed	 sites,	 are	 intensively	 utilized	 by	 reindeer,	 resulting	 in	
intense	 defoliation,	 dung	 deposition	 and	 trampling.	 The	 original	
moss	and	dwarf	shrub	heath	vegetation	has	been	transformed	into	
a	 graminoid-	dominated	 heath	 vegetation	 with	 strong	 increase	 in	
sedges	in	particular	Carex bigelowii, Carex lachenalii and Festuca ovina, 
and	grasses	like	Deschampsia flexuosa, Deschampsia cespitosa, Poa al-
pina and Phleum alpinum	with	only	scattered	dwarf	shrubs	(Olofsson	
et	al.,	 2001).	 Soil	 N	 concentrations	 and	 microbial	 respiration	 are	
generally	much	 lower	 in	 the	 lightly	 than	 in	 the	heavily	grazed	area	
(Stark,	Strommer,	&	Tuomi,	2002;	Stark	&	Väisänen,	2014).	Trampling	
indicators	and	dung	counts	reveal	that	reindeer	density	is	about	100	








differences	 in	 vegetation	 between	 the	 sides	 of	 the	 fence	 are	 only	




diluted	 in	2	L	of	 stream	water,	was	sprayed	uniformly	over	 the	veg-
etation	at	 a	 rate	of	0.1	g	N/m2,	 on	29	July	2011.	During	 the	 tracer	
application,	the	15N	addition	plots	were	isolated	from	the	surrounding	
vegetation	by	a	50-	cm-	high	plastic	film	placed	around	them.	Applying	
this	 trace	amount	of	urea,	which	 is	15N-	enriched	 relative	 to	any	oc-
curring	natural	 level,	allowed	us	to	trace	the	N-	urea	 in	the	different	
ecosystem	N	 pools	 but	 precluded	 fertilization	 effect.	 The	 N	 added	
represented	about	50%	of	the	annual	atmospheric	N	deposition	at	the	
site	 (0.2	g	m−2 year−1,	 www.environment.no).	 Following	 each	 tracer	
addition,	 control	 plots	 received	 the	 equivalent	 amount	 of	 non-	15N-	
enriched	water.	To	mimic	natural	urine	deposition	in	a	grazed	system,	
the	15N	addition	plots	did	not	receive	any	additional	stream	water	to	














above-	ground	 biomass	 was	 then	 divided	 into	 the	 following	 seven	
compartments;	 (1)	 B. nana,	 (2)	 Other	 deciduous	 shrub	 species,	 (3)	
E. hermaphroditum,	 (4)	Other	 evergreen	 shrub	 species,	 (5)	 Forbs,	 (6)	
Graminoids	and	(7)	Cryptogams.	The	cryptogams	include	bryophytes	





Root	 biomass	was	 sampled	 from	 soil	 cores	 (area	 44	cm2)	 in	 the	
middle	of	each	subplot	at	a	depth	of	5	cm	corresponding	to	the	active	
root	 zone	 at	 the	 site.	The	 sampled	 roots,	 not	 sorted	 at	 the	 species	
level,	were	thoroughly	washed	to	remove	organic	matter	residue	and	
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Plant	 samples	were	 finely	 ground	 (Retsch® MM301 ball mill, Haan, 
Germany)	 and	 subsamples	 of	 this	 plant	material	were	 encapsulated	
into	 preweighted	 tin	 capsules.	 The	 δ15N	 and	 elemental	 N	 concen-
tration	was	measured	on	 an	 Isoprime	 isotope	 ratio	mass	 spectrom-
eter	 (Isoprime	Ltd.,	Cheadle	Hulme,	UK)	coupled	to	a	CN	elemental	
analyser	 (Eurovector,	 Milan,	 Italy),	 at	 the	 Stable	 Isotope	 Facility	 at	
Department	of	Biology,	University	of	Copenhagen.





termined	 as	 the	 chloroform	 labile	 fraction	 using	 the	 chloroform	
fumigation-	extraction	 techniques	 described	 by	 (Brookes,	 Landman,	
Pruden,	&	Jenkinson,	1985).	A	 subsample	of	2	g	of	 soil	was	 chloro-
form	 fumigated	 (18	hr)	 in	 order	 to	 release	 the	 nutrients	 contained	










the	 microbial	 correction	 factor	KEN	=	0.4	 representative	 for	 organic	
soils,	to	account	for	microbial	tissue	N	that	is	not	released	by	exposure	
to	chloroform	(Jonasson	et	al.,	1996).
To	 determine	 extractable	 δ15N	 (δ15Ne)	 and	 microbial	 δ
15N	 





































where	Atom	%	 tracer	 is	 the	 15N	atomic	 frequency	of	a	 sample	col-
lected	in	the	15N-urea	addition	plot	and	the	Atom	%	background	is	the	
15N	atomic	 frequency	of	 the	corresponding	 sample	 collected	 in	 the	
non-	labelled	plot.
The	 percentage	 tracer	 recovery	 in	 each	 ecosystem	 N	 pool	 was	 
estimated	as
where	Atom	 15N	excess	 is	 the	urea-	15N	enrichment	 (%),	N	 is	 the	N	
content	(%),	Mass	is	the	total	mass	of	each	pool	biomass	or	soil	(g	m−2)	
and	the	total	amount	of	the	tracer	added	corresponds	to	the	0.1	g	m−2 
of	 the	 isotopic	 labelled	urea.	Tracer	 recovery	was	corrected	 for	 the	



























(Atom 15N excess × N × Mass)∕104
Total amount of tracer added
×100
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deciduous shrubs, E. hermaphroditum	 and	 Other	 evergreen	 shrubs	
pools	were	merged	 into	 the	single	group	Shrubs.	All	 variables	were	
ln	transformed,	except	for	the	tracer	recovery	that	was	arcsine	trans-
formed,	to	fulfil	the	assumptions	of	normality	and	homoscedasticity.	











The	 total	biomass	of	plants	and	 litter	was	higher	 in	 lightly	grazed	
sites	than	in	the	heavily	grazed	sites,	and	was	also	higher	 in	2012	
than	in	2011	across	all	sites	(Figure	1,	Table	1).	Especially	the	litter	
pool	and	 root	biomass	was	 larger	 in	2012	 (Figure	1,	Table	1).	The	
cryptogam	 compartment	 consists	 predominantly	 of	 bryophytes,	
since	 lichens	were	 rare	 (Tables	S1	and	S2).	As	expected,	 reindeer	
strongly	 influenced	 the	 plant	 community	 composition	 (Tables	 S1	
and	 S2).	 Graminoid	 biomass	 was	 more	 than	 20	 times	 higher	 in	























3.3 | Initial recovery and 15N enrichment
The	 total	 recovery	of	N	 from	urea	 after	2	weeks	was	higher	 in	 the	
lightly	grazed	sites	than	in	the	heavily	grazed	sites	(Figure	3,	Table	1).	







in	 the	 lightly	 grazed	 sites,	 although	 both	were	 really	weak	 sinks	 of	










and	4,	Table	1).	N	 recovery	decreased	also	 in	 cryptogams	and	15N	
enrichment	decreased	also	in	litter	(Figures	3	and	4,	Table	1).	In	con-
trast,	 the	 15N	 recovery	 in	 roots	was	 higher	 after	 1	year	 (Figure	3,	
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in	 the	 heavily	 grazed	 (Figure	3,	 Table	1),	 the	 recovery	 in	 crypto-
gams	did	not	differ	between	grazing	regimes	any	longer	after	1	year	
(Figure	3).
3.5 | Plant 15N natural abundance
Plant	 15N	natural	 abundance	 differed	 between	 grazing	 regimes	 and	
plant	N	pools	with	a	range	from	−11.2‰	to	7.7‰	(Figure	5,	Table	2).	
The	 δ15N	 values	 were	 lowest	 in	 evergreen	 shrubs,	 followed	 by	
deciduous	 shrubs	 and	 cryptogams,	 while	 graminoids	 had	 the	 high-
est	δ15N	values	 (Figure	5).	The	variance	 in	δ15N	values	among	plant	
functional	 groups	 was	 lower	 (p	<	.001)	 in	 the	 heavily	 grazed	 sites	
(1.9‰)	than	in	the	 lightly	grazed	sites	 (8.5‰).	The	δ15N	were	about	
3‰	 higher	 in	 heavily	 grazed	 sites	 compared	 to	 lightly	 grazed	 sites	




Biomass N pool Recovery 15N enrichment
Total
Grazing	intensity 46.79*** 0.80 14.46** –
Time 8.01* 86.90*** 19.401*** –
Grazing	intensity:	Time 0.55 1.40 3.72 –
Shrubs
Grazing	intensity 48.23*** 164.2*** 150.00*** 90.63***
Time 2.843 1.491 35.60*** 11.57**
Grazing	intensity:	Time 0.50 10.99** 24.13*** 9.12**
Forbs
Grazing	intensity 9.84** 2.85 3.59 2.24
Time 0.10 0.03 5.93* 20.25***
Grazing	intensity:	Time 0.99 1.09 5.79* 1.62
Graminoids
Grazing	intensity 121.70*** 120.90*** 70.82*** 0.01
Time 2.165 2.81 21.8*** 68.69***
Grazing	intensity:	Time 8.03* 0.14 22.11*** 0.604
Cryptogams
Grazing	intensity 5.91** 1.13 4.49* 2.38
Time 1.74 1.44 22.88*** 1.46
Grazing	intensity:	Time 2.50 3.89 4.76* 2.24
Litter
Grazing	intensity 5.381* 0.057 0.03 0.48
Time 48.30*** 74.97*** 1.32 49.72***
Grazing	intensity:	Time 0.33 1.37 2.48 1.51
Roots
Grazing	intensity 3.11 2.50 18.0*** 11.75**
Time 4.08 8.20* 5.42* 1.76
Grazing	intensity:	Time 0.27 0.11 0.07 0.01
Microbial	N
Grazing	intensity – 0.04 0.06 0.60
Time – 0.11 1.21 2.29
Grazing	intensity:	Time – 1.40 0.41 0.65
Soil	extractable	N
Grazing	intensity – 15.34** 5.57* 2.26
Time – 7.45* 3.53 3.38
Grazing	intensity:	Time – 0.01 0.34 0.01
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s) 2 weeks − Heavily grazed
2 weeks − Lightly grazed
1 year − Heavily grazed 
1 year − Lightly grazed
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4  | DISCUSSION
Herbivores	 stimulate	nutrient	 cycling	 in	natural	 ecosystems	by	 the	
conversion	of	plant	biomass	into	dung	and	urine	(Bardgett	&	Wardle,	
2003),	which	has	been	suggested	to	not	only	increase	nutrient	avail-
ability	 for	plants	directly	but	also	 stimulate	microbial	 activities	and	




of	 a	mixture	 of	 labile	 and	non-	labile	N	 forms	 (Floate,	 1970;	Ruess	
&	McNaughton,	1987;	Seagle	et	al.,	1992),	most	N	in	urine	is	in	the	
form	of	urea	that	is	easily	taken	up	by	plants	directly	or	hydrolysed	
into	ammonium	 (Witte,	2011).	There	 is	 thus	a	great	 importance	of	
understanding	the	function	of	urine	 in	stimulating	plant	production	
























of	N	even	 in	 the	heavily	grazed	area	where	 their	 abundance	 is	 low.	
By	possessing	effective	absorptive	surfaces,	cryptogams	are	known	to	
be	able	to	capture	 large	proportion	of	mineral	nutrients	 (Crittenden,	










The	 strong	 reduction	 in	 the	moss	 layer	 by	 reindeer	 recorded	 at	
the	heavily	grazed,	 in	 line	with	what	have	been	observed	 in	 several	
places	 in	the	arctic	 (van	der	Wal	&	Brooker,	2004;	van	der	Wal,	van	
Lieshout,	&	Loonen,	2001),	resulted	in	lower	N	uptake	in	cryptogam	





During	such	an	event	most	of	 the	N	 immobilized	 in	the	cryptogams	
could	be	released	and	become	available	for	other	ecosystem	compart-
ments.	Our	study	coincided	with	the	largest	lemming	peak	for	decades	
in	 northern	 Scandinavia,	 which	 dramatically	 reduced	 moss	 biomass	
during	 the	 winter	 2011–2012	 (Hoset,	 Kyro,	 Oksanen,	 Oksanen,	 &	
Olofsson,	 2014;	Olofsson	 et	al.,	 2012).	This	 probably	 explained	 the	
decrease in 15N	recovery	in	the	cryptograms	already	1	year	after	the	
tracer	addition	since	15N	enrichment	did	not	decrease.	This	lemming	
peak	 also	 likely	 explains	 the	 substantial	 increase	 in	 litter	 between	
2011 and 2012.
A	similar	capacity	of	plants	to	take	up	N	from	urine	at	both	heav-






into	 the	 soil	 showing	clearly	 stratified	N	uptake	among	plant	 func-
tional	groups	 (Oulehlea,	Rowea,	Myškac,	Chumanb,	&	Evans,	2016)	
may	not	be	applicable	 to	how	plants	 take	up	N	 from	urine	deposi-
tion.	 Furthermore,	 our	 data	 show	 that	 urine	 addition	 does	 not	 au-
tomatically	 support	 a	 higher	 production	 of	 suitable	 food	plants	 for	
the	herbivores,	since	large	amounts	of	N	from	urine	were	recovered	
in	plants	that	are	not	preferred	food	for	reindeer	such	as	evergreen	














Grazing	intensity 1, 155 74.08***




F-	values	 are	 presented	 along	with	 the	 degrees	 of	 freedom	 (df)	 and	 the	 
asterisks	denote	significance	at	***p < .001.

















15N	recovery	 in	plants	 in	comparison	 to	other	 studies	 (Clemmensen	
et	al.,	2008;	Grogan	et	al.,	2004).
A	large	fraction	of	the	N	from	urea	was	recovered	in	the	above-	
ground	 parts	 of	 vascular	 plants	 already	 after	 2	weeks,	 which	 could	
reflect	either	a	rapid	mineralization	of	urea	or	a	rapid	absorption	by	
the	plant	canopy.	The	capacity	of	arctic	shrubs	to	absorb	urea	through	
their	 leaves	 has	 been	 demonstrated	 recently	 (Blok	 et	al.,	 2016)	 and	
high	foliar	absorption	rates	of	urea	have	been	observed	for	many	plant	
species	 in	 other	 biomes	 (Dong,	 Cheng,	 Scagel,	 &	 Fuchigami,	 2002;	
Ruan	 &	 Gerendas,	 2015;	 Uscola,	 Villar-	Salvador,	 Oliet,	 &	 Warren,	
















the	 grazing	 damage	 but	 they	 are	 also	 less	 able	 to	 benefit	 from	 the	







parts	of	 the	15N	enrichment	 in	 the	 litter	 in	 the	second	year	could	
derive	 from	 senesced	plant	materials	 that	 previously	 sequestered	
the	15N,	this	would	only	correspond	to	a	small	fraction	of	the	15N	
enrichment	at	2	weeks	since	the	plant	biomass	was	harvested	at	the	
peak	of	 the	growing	 season,	 long	before	plant	 senescence.	These	
results	rather	indicate	a	considerable	15N	immobilization	by	the	mi-
crobial	 communities	 living	 in	 the	 litter	 layer	 (Ewing,	 Groffman,	 &	
Frank,	2010;	Zaady,	Groffman,	&	Shachak,	1996).	Although	we	did	
not	directly	measure	 this	process,	 this	 interpretation	 is	 supported	
by	 previous	 studies	 demonstrating	 the	 high	 biological	 activity	 in	
this	 layer	 with	 the	 conversion	 of	 inorganic	 N	 from	 precipitation	
into	organic	 forms	 in	 the	 litter	 (Seastedt,	1985).	This	 thin	bound-
ary	 between	 the	 above-	 and	 below-	ground	 compartments	 of	 the	
ecosystem	seems	to	have	a	crucial	 role	 in	 the	N	cycling	 in	 tundra	








ter	could	be	 limited	by	 labile	C	availability.	By	 this	way,	 the	urine	










converged	 towards	 the	 expected	δ15N	values	 from	dung	 and	urine	
(−	2)	 (Barthelemy,	 Stark,	 Kytoviita,	 et	al.,	 2017;	 Barthelemy,	 Stark,	
Michelsen,	et	al.,	2017;	Finstad	&	Kielland,	2011),	urine	uptake	of	all	
taxa	could	be	the	main	driving	mechanism	for	the	reduced	variation	
in δ15N	values	 in	 heavily	 grazed	 conditions.	Our	 data	 thus	 provide	
further	support	that	urine	is	an	important	nutrient	source	for	arctic	
plants.
Our	 study	 demonstrated	 a	 rapid	 sequestration	 of	 the	 applied	
15N-urea	 by	 plants,	 indicating	 that	 arctic	 ecosystems	 are	 well	
adapted	 to	 take	 advantage	of	 these	N	pulses.	However,	 the	 total	
tracer	recovery	was	 lower	 in	the	heavily	grazed	than	in	the	 lightly	
grazed	 tundra,	 indicating	 that	 this	 more	 nutrient-	rich	 condition	





pass-	ways	 through	 which	 the	 applied	 N	 could	 be	 lost,	 including	
NH3
−	volatilization	(Bussink	&	Oenema,	1998)	and	leaching	(Treat,	
Wollheim,	 Varner,	 &	 Bowden,	 2016).	 However,	 given	 the	 small	
plot	sizes,	 losses	can	be	overestimated	due	to	N	uptake	by	plants	
outside	 the	 treatment	 plots.	 Litter	 reallocation	 and	 reindeer	 con-
sumption	of	biomass	inside	the	plots	should	be	also	included	in	the	
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losses.	 Interestingly,	 the	 total	N	pools	did	not	differ	between	 the	
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